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ABSTRACT 
 
This thesis is focusing on the development of a new Mo-based metallic glass with 
improved thermal stability. The adopted route to obtain it is mechanical alloying. The 
amorphization process is analysed through profile fitting of the X-Ray Diffraction 
patterns at different stages of the milling process. The thermal stability of the 
amorphous powder is then analysed by means of differential scanning calorimetry. 
The objective is to trace the amorphization of a Mo-based system depending on the 
milling energy that is being realised by mechanical alloying and to study the parameters 
which enhance the glass-forming ability and the thermal stability of these alloys. For this 
purpose two alloys are chosen: Mo44Si26Ta5Zr5Fe3Co12Y5, which has already been 
developed successfully, and Mo44Si26Ta5Zr5V2Cr12B6, which is designed based on the 
latter, in order to achieve improved characteristics.  
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CHAPTER 1. INTRODUCTION AND GOALS 
 
Ever since the first metallic glasses were developed 50 years ago [1], these new 
engineering materials have been widely studied because of their promising application 
potential. Much research has been done in order to improve their properties and find 
the best forming techniques.  
 
Since the early metallic glasses had such a small thickness, one of the biggest steps in 
this research was the development of bulk metallic glasses which had finally been 
achieved thanks to new amorphization techniques and the study of new alloys [2] [3]. 
According to that, mechanical properties were improved and materials with superior 
strength and hardness, and also with improved corrosion and wear resistance were 
developed [4].  
 
With the thickness improvement, the engineering applications also grew substantially, 
including sport goods, partly electronic applications, and also precision mechanical 
elements. However, possible applications of these materials are many more, and it is 
easy to predict their importance in the future development of engineering, as long as 
the research keeps on [5]. One example of possible future engineering application is 
machinery structural material, because of the high workability and fatigue strength.  
 
One of the issues to be addressed is the service temperature at which the glassy alloys 
can be used. The thermal stability against cristallyzation is limited, so there’s a 
temperature at which the alloy loses the amorphous form. This stability is related to the 
glass transition temperature. It is known that this glass transition temperature is higher 
in materials with a higher melting point, so metallic glasses based on refractory metals 
could be a good answer to this challenge.  
 
Moreover, using refractory metals could also improve directly the strength of the glass, 
since the increase of the glass transition temperature involves an increase on the alloy’s 
yield strength σy. This parameter is linearly related to Young’s modulus E (σy/E≈0.02), 
which is higher on refractory metals because of the atomic bonding force [6]. Both 
improved properties, strength and thermal stability, turn refractory metallic glasses into 
a material worth investigating [7].  
 
Regarding the amorphization techniques used for refractory materials, the high melting 
point makes it almost impossible to obtain a bulk metallic glass via melt casting, one of 
the most common processes. Therefore, another amorphization technique shall be 
used, and mechanical alloying has been proved to be a good option [8] [9]. 
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The aim of this thesis is to develop a refractory metallic glass, based on the previous 
work by X.Q. Zhang, E. Ma and J. Xu “Mechanically alloyed multi-component Mo-based 
amorphous alloys with wide supercooled liquid region” [8] [6]. In that work the authors 
successfully present a new metallic glass Mo44Si26Ta5Zr5Fe3Co12Y5 developed via 
mechanical alloying, which presents a high glass transition temperature Tg of 1202 K, a 
crystallization temperature Tx of 1324 K, and a high hardness of 18 GPa. Besides, it also 
shows a big supercooled liquid region ∆Tx (the temperature interval between the glass 
transition temperature Tg and the onset crystallization temperature Tx), which can be 
useful to process bulk forms through warm consolidation of the powder.  
 
So, there are two main goals to accomplish:   
 
 Processing the already known Mo44Si26Ta5Zr5Fe3Co12Y5 metallic glass by 
mechanical alloying and readjusting the processing parameters.  
 
 Processing an alternative metallic glass, i.e. Mo44Si26Ta5Zr5Fe3Co12Y5. The 
refractory amorphous alloy developed in this work should have a higher glass 
transition temperature and a wider supercooled liquid region.  
 
The expectation of this work is to discover if it is possible to develop a new bulk metallic 
glass with improved thermal properties and to investigate the MA parameters that 
favour the formation of an amorphous metal. In addition the glasses will be 
characterized with respect to structure and thermal stability. 
 
In Chapter 2 an overview on the state of art is provided. It includes information regarding 
metallic glasses and their forming ability, as well as the previous research done in the 
field of refractory metallic glasses and especially Molybdenum-based metallic glasses. 
The technique of mechanical alloying and its main characteristics are also explained.  
 
In Chapter 3 the experimental process is presented. The alternative alloy is chosen and 
the used reasoning is detailed. Then, the development of both alloys into metallic 
glasses is carried out by MA while the necessary samples are taken. Finally, the XRD and 
DSC tests are executed in order to determine the amorphization of the alloys and their 
thermal properties.  
 
The results of these tests are presented in Chapter 4. The amorphization during the MA 
is analysed and discussed taking into account the milling time and the energy achieved, 
and also the thermal stability of the final alloys is studied. Then, both alloys are 
compared in order to demonstrate the benefits and drawbacks of the alternative chosen 
alloy.  
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Chapter 5 summarizes the final conclusions of the thesis, discussing the success of the 
new alloy.  
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CHAPTER 2. THEORY 
2.1. Metallic glasses 
The first metallic glass was formed by Duwez at Caltech, USA, in 1960 [1]. He and his 
team developed a new rapid quenching technique, which allowed them to amorphysize 
an Au75Si25 metallic liquid. By cooling down the metal liquid at very high rates (105 K/s 
approx.) they avoided the process of nucleation and growth of the crystalline phase, 
getting an amorphous metallic alloy. During the 1960s Turnbull and Chen [10] also 
contributed to the investigation of metallic glasses and they demonstrated that metallic 
glasses had quite similar characteristics with other glasses such as silicates or polymers.  
 
In 1974 Chen developed a Pd-Cu-Si alloy that can be considered as the first bulk material 
glass (BMG) using also a casting method but with a lower cooling rate of 103 K/s [11]. 
The thickness of the obtained pieces was in the order of 1 mm. Some years later, in 1982, 
Turnbull and his team formed a Pd-Ni-P BMG with a new technique [12]. They used 
boron oxide to purify the melt and that way the heterogeneous nucleation could be 
avoided. Without heterogeneous nucleation the pieces could solidify at really low 
cooling rates, so the thickness was widely enlarged to almost 1 cm. These both 
experiments encouraged further research on BMGs.  
 
In the late 1980s the Inoue group in Japan investigated alloys of rare-earth materials 
with Aluminium and ferrous metals and they found out that e.s. La-Al-Ni and La-Al-Cu 
had an exceptional glass-forming ability [13]. They were able to prepare samples of 
several mm of thickness by casting the melt in water-cooled Cu moulds. From that 
moment on, they developed similar multicomponent alloys with low cooling rates 
(under 100 K/s). With this, the maximum accessible thickness was improved.  
 
The last works of Inoue demonstrated that BMGs could have real engineering 
applications as machinery structural materials or tool materials, because of the 
thickness obtained previously and the new possible materials to be used in the alloys. 
So the research kept on and many new BMGs were developed. One of the new alloy 
family worth to mention is Zr-Ti-Cu-Ni-Be, which was developed by Johnson in Caltech 
and exhibits really good glass-forming propeties [14], as well as high thermal stability. 
Another important family is Pd-Cu-Ni-P [15], which is known to be the metallic system 
with the highest glass-forming ability. The cooling rate is extremely low (0.10 K/s 
approx.) and the thickness values can get up to 10 cm.  
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2.1.1.  Glass-Forming Ability (GFA) 
 
Glass-forming ability (GFA) is the tendency for a material to form a glass. This ability 
relies not only on external factors as the cooling rate, but also on the intrinsic properties 
of the alloy.  
 
One of the earliest GFA criterions was the one proposed by Turnbull in the late 1960s 
[16]. He defined the Reduced Glass Transition Temperature (Trg) as the ratio between 
the glass transition temperature and the melting temperature: 
 
Trg = Tg / Tm (1) 
 
Turnbull observed that if the Trg is equal or larger than 2/3 the metallic liquid is supposed 
to be easily undercooled at a low cooling rate and become glassy, avoiding 
homogeneous nucleation. Trg is maximal at the eutectic point, so it is also important to 
consider that amorphous alloys are easily produced by rapid solidification techniques 
next to deep eutectics. Many other criterions for predicting the GFA using the Tg or the 
Tm of the alloy have been developed, like for example γ = Tx/(Tg + Tm) [17]. This last 
parameter takes also into account the thermal stability. 
 
One of the most useful and well-known criterion to follow is the “confusion principle” 
[18], which consists in designing a multicomponent alloy with at least three different 
elements. When following this criterion, the tendency to crystallize is widely decreased. 
Inoue also explains two more empirical rules to design alloys with high GFA [18]. The 
first one says there should be a significant difference (about 12%) in atomic sizes, so this 
way the structure is more complex and cristallyzes less easily. The second one suggests 
that negative heat of mixing with the main element may help, too. According to Inoue, 
alloys designed following these three rules show a special atomic configuration in the 
liquid state, which improves the GFA.  
 
The metallic glasses designed taking into account these three rules show higher dense 
randomly packed atomic configurations than the same alloys in crystallization state 
because of the structural relaxation. It is also proved that there are wide new local 
atomic configurations comparing the amorphous and the crystalline structure of the 
same alloy. There is also a long-range atomic rearrangement when crystallization occurs, 
but it does not happen when it amorphisizes and it leads to a long-range homogenous 
distribution. All of these characteristics can be proved in the case of the Zr60Al15Ni25 as 
Inoue shows [18].  
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 Crystalline  Amorphous (as-quenched) 
Density ρ (mg/m3) 6.38 6.36 
NZrAl 0.8 ± 0.9 -0.1 ± 0.9 
 
Table 1: Density and coordination number of the Zr-Al atomic pair calculated from the ordinary 
radial distribution function (RDF) before and after amorphization [18]  
 
A supercooled liquid with these three characteristics shows an increase of the 
solid/liquid interfacial energy that favours the suppression of nucleation of a crystalline 
phase. It also leads to a decrease of the atomic diffusivity and an increase of the 
viscosity, because the atomic rearrangement has become more difficult. This atomic 
rearrangement is also necessary for crystallization growth, so it is also diminished. 
Furthermore, the difficulty of the atomic rearrangement also implies an increase of the 
Tg. This higher Tg leads to higher thermal stability and also to a higher Trg. 
 
It is also possible to justify some of these concepts using some thermodynamic and 
kinetic considerations regarding crystallization [2], like the crystal nucleation rate. It is 
easy to understand that the lower this rate is, the easier it is to avoid crystallization in 
the supercooled liquid state.  
 
𝐼 = 𝐴𝐷 · 𝑒𝑥𝑝 [−
∆𝐺∗
𝑘𝑇
] 
(2) 
 
Where A is a constant in the order of 1032 Pa s/(m3 s), D is the effective diffusivity of the 
atoms, k is the Boltzmann’s constant, T is the absolute temperature and ∆G* is the 
activation energy that has to be overcome for the formation of a stable nuclei and can 
also be expressed as shown: 
 
∆𝐺∗ = 16𝜋𝜎3/3(𝐺𝑙 − 𝐺𝑠)
2 (3) 
 
Where σ is the interfacial energy between the nuclei and the liquid phase and Gl-Gs is 
Gibbs free energy difference between the liquid state L and the crystalline state S, and 
can be considered the driving force for crystallization. It can also be calculated as: 
 
𝐺𝑙 − 𝐺𝑠 = ∆𝐻𝑓 − ∆𝑆𝑓𝑇0 − ∫ ∆
𝑇0
𝑇
𝐶𝑝
𝑙−𝑠(𝑇)𝑑𝑇 + ∫
∆𝐶𝑝
𝑙−𝑠
𝑇
𝑇0
𝑇
(𝑇)𝑑𝑇 
(4) 
 
Where ∆Hf and ∆Sf are the melting enthalpy and entropy at the temperature T0, at which 
the crystal and the liquid are in equilibrium, and ∆Cp (T) is the specific heat difference. 
The lower this Gl-Gs energy is, the lower is the nucleation rate. This is lower when the 
melting entropy ∆Sf is larger. This entropy is usually related to multicomponent alloys, 
because of the larger number of microscopic states, and this agrees with Inoue’s rule. 
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Regarding the kinetic aspects [2], the parameter to analyse is diffusivity or its inverse, 
viscosity. The viscosity of a liquid is usually described with the Vogel-Fulcher-Tammann 
(VFT) relation [19]:  
𝜂 = 𝜂0 𝑒𝑥𝑝 [
𝐷𝑇0
𝑇 − 𝑇0
] 
(5) 
 
Where T0 is the VFT temperature, where the barrier with respect to flow would become 
infinite and η0 is a constant. D is the fragility parameter, which express the viscosity of 
the supercooled liquid comparing it to the Arrhenius behaviour. According to it, liquids 
can be fragile, when D is low, or strong when D is high (D>20), being the highest value 
the one of SiO2 (D=100). Silicate melts have a really good GFA, and therefore alloys with 
a higher D are usually good BMG formers. This conclusion agrees with Inoue’s work, 
because the higher viscosity is directly related to the difficulty of the atomic 
rearrangement needed for crystallization. The strong liquid behaviour of these BMGs 
also implies that glass formation can be achieved by lower Trg than 2/3 [2]. 
 
However, not all the BMG follow Inoue’s rules. Some examples are the Pd-Cu-Ni-P and 
Pd-Ni-P amorphous alloys studied also by Inoue [18], or some binary alloys like CaAl or 
PdSi pointed by Wang [3]. The criterions and formation mechanism for these alloys may 
not be the same, even though they are still not clearly understood, and this suggests 
there are still many potential BMG formers to discover. 
 
Also alternative glass-formation techniques that do not rely on the undercooling of the 
liquid alloy, as e.g. mechanical alloying, open the doors to new alloys, which do not 
necessarily need to present low cooling rates and other GFA characteristics previously 
explained. Regarding to MA, even though many alloys have become amorphous using it 
since the early 1980s, the exact reasons are yet not clearly understood. At the beginning 
it was believed that the particles melt because of the high temperatures acquired during 
the milling, and then the liquid quenched by conducting the heat to the interior region 
of the particles, which were still cold. This quenching was supposed to result in the 
formation of amorphous phase, just as it happens by the rapid solidification techniques.  
 
Now it is known that the temperatures are not high enough to melt the particles and 
that a solid-state reaction occurs during MA. This reaction is similar to the one described 
by Schwarz and Johnson occurring in Au-La system thin films [20]. However, the most 
important conclusion of this work is the two conditions they propose in order to favour 
the obtaining of a metallic glass. The first one is that metals must have a large negative 
heat of mixing in the liquid, and the second one is that they must present a fast diffusion 
behaviour of one metal in the other, which is related to the difference in the atomic 
sizes. These two criteria are very similar to the ones presented by Inoue according to 
rapid quenching techniques [18]. The biggest difference between the two technique 
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criteria is that in mechanically alloyed powders the amorphous phase is obtained around 
the equiatomic position and not around deep eutectics, as it is in rapid quenching. This 
fact causes that the composition ranges of the amorphous phases are much wider in 
alloys produced by MA than in the same alloys obtained by rapid quenching. The relation 
between the Schwarz and Johnson criteria and the equiatomic position can be easily 
understood in Suryanarayana review article about MA [21]. Later in 1998, Schwarz 
proposed a model for MA based on dislocation kinetics and the diffusion of solutes along 
the dislocation cores, which is also interesting [22].  
 
So, in general it can be said that the intrinsic characteristics of an alloy benefiting the 
formation of amorphous phases in both MA and rapid quenching are very similar and, 
therefore, it seems like Inoue’s rules can also be used to design an optimum alloy 
composition for a metallic glass obtained by MA. However, this composition is not such 
a decisive factor as it is in rapid quenching.  
 
2.1.2.  Thermal Stability and Refractory Metallic Glasses 
 
Thermal stability defines the capacity of a material for keeping its characteristics at high 
temperature. In the case of amorphous metals, the most important characteristic to 
maintain is the amorphous structure. So, when talking about thermal stability for 
metallic glasses, crystallization temperature Tx is the main parameter defining it. 
Obviously, if Tx is higher the alloy will maintain its amorphous structure along a wider 
range of temperatures. 
 
There are two factors which make refractory metallic glasses especially interesting, and 
both of them are related to the high melting temperature (Tm) they present. The thermal 
stability against crystallization is supposed to be wider in these alloys, since the onset 
temperature of crystallization (Tx) is generally higher in alloys with a higher melting 
point. Therefore, if this temperature is higher, it is possible to maintain the metallic glass 
and its properties at high temperatures, which is one of the weakness non-refractory 
metallic glasses show. Furthermore, usually a high Tg implies an increase of the strength 
of the alloy. The yield strength σy and hardness Hv (or 3 σy) of metallic glasses are linearly 
related to the Young’s modulus E (σy/E≈0.02 [6]), and E is higher in refractory metals, 
since it is related to the atomic bonding force and therefore to the melting temperature 
[4]. This relation has also been demonstrated recently by Yang et al. [23] using equation 
(6). Where ∆𝑇𝑔 is Tg – T0, T0 is the room temperature and V is the mol volume. 
 
𝜎𝑦 = 55∆𝑇𝑔/𝑉 (6) 
 
So, shortly said, refractory metallic glasses are expected to achieve ultrahigh strength 
and wide thermal stability, two properties which make them worth the research. 
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Unfortunately, the high melting point which makes refractory metals so special can also 
be a drawback, because it is difficult to obtain a bulk metallic glass through melt casting 
and rapid quenching, which is a common process. In a refractory metal-based alloy there 
will be high differences between the melting temperatures of the components, so it is 
complicated to get a homogenous melt. And since the supercooled liquid region is 
expected to be so wide, undercool the melt below Tg while avoiding crystallization is also 
difficult.  
 
However, many refractory metallic glasses have been prepared by different groups. For 
example, in 1991 Rohr and his colleagues presented some alloys [24] prepared by a 
splat-cooling technique modified and combined with CO2 laser. In 2007 Yoshimoto and 
his co-workers developed a melt-quenching technique able to work with refractory 
alloys using a quartz nozzle to adjust the injection time [7]. The alloys with the highest 
crystallization temperature can be found in Table 2 and 3, and the hardness achieved Hv 
is also shown. In Yoshimoto’s case (Table 3), in most of the alloys they observed a two-
step crystallization process, and therefore two Tx are defined. Also it is interesting to 
note that all the alloys in which the main element was Iridium did not become 
amorphous and crystallized during the quenching. The results for the W-based alloys 
were already obtained by Ohtsuki previously [25].  
 
Alloy Tx (K) Hv (MPa) 
B15Ir26Mo59 1050 12088 
B10Si10Ta24W56 1456 20012 
Ir45Ta55 1340 10300 
Ni40Ta60 >1030 8731 
(Ni40Ta60)92W8 >1100 11036 
(Ni40Ta60)90W10 >1100 11036 
(Ni40Ta60)85W15 >1100 11065 
 
Table 2: Amorphous alloys obtained by Rohr [24] 
 
Alloy Tx1 (K) Tx2 (K) Hv (MPa) 
W46Ru37B17 1174 1208 16800 
W44Os40B16 1298 1327 - 
W56Ir23B21 1271 1305 - 
W45Re23Ru15B17 1273 - - 
W45Ru36B17Hf2 1180 1222 16500 
Re49.7B18.4Zr7.5Si17.4Nb7 1331 1347 17500 
 
Table 3: Amorphous alloys obtained by Yoshimoto [7] 
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Besides the refractory metal based metallic glasses, the addition of refractory metals in 
other alloys in order to enhance their thermal stability is also possible. For example, 
Zhang investigated the addition of Hf and Ta in niquel based metallic glasses with 
composition Ni60Zr20Nb15Al5 [26] and the thermal stability was widely improved. 
However, the glass-forming ability was also reduced, which can be supported by the 
reduction of the Trg (Table 4).  
 
The addition of Hf and Ta consists in a substitution of Zr and Nb, respectively, because 
they present similar atomic sizes. This means that the improvement of the thermal 
stability is possibly caused by the differences in the electronic characteristics between 
Hf and Zr, and Ta and Nb. Dolan found in his work about hydrogen selective amorphous 
alloy membranes that need a high thermal stability [27], that Tg or Tx increase when the 
average bond valence Za of the alloy also increases.  
 
𝑍𝑎 = ∑ 𝐶𝑖
𝑛
𝑖=1
𝑥 𝑍𝑖  
(7) 
 
Zi is the bond valence of each element of the alloy, and Ci the atomic fraction. According 
to that, there exists an approximately linear correlation between the Tg and the Za in the 
case of the new alloys studied by Zhang, so the addition of elements with higher bonding 
valence seems to enhance the thermal stability. Rose and Shore [28] also demonstrated 
that the Za is directly related to the cohesive energy Ec, and the larger this energy is the 
more difficult the atomic rearrangements are, so the improvement of the thermal 
stability can also be understood that way.  
 
𝐸𝑐 = (2.45𝑍𝑎 − 3.47) (8) 
 
Alloys Tx Trg 
0 at% Hf or Ta 896 0.615 
10 at% Hf 911 0.606 
20 at% Hf 921 0.603 
7.5 at% Ta 935 0.611 
15 at% Ta 943 0.599 
 
Table 4: Tx evolution with Hf and Ta addition observed by Zhang [26] 
 
2.1.3.  Mo-based Systems 
 
Molybdenum metallic glasses have not been widely studied yet, but they present some 
advantages over other refractory metal based amorphous alloys that have been 
previously shown [7] [24] [25]. Molybdenum’s density (10.22 g/cm3) is lower than 
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Tantalum’s or Tungsten’s, and also the cost is moderate, while the mechanical 
properties are good and desirable for engineering applications (Elastic modulus E of 330 
MPa and Vickers hardness of 160-400 (HV 10)) [29]. 
 
In 1979 Mahan and Jha [30] investigated many alloy compositions mainly based on 
Molybdenum. After a first observation of the GFA of some alloy compositions 
amorphized by arc-splat quenching (foils with 50 µm thickness), the most promising 
alloys were further developed and the glasses were obtained via chill-casting on a 
rotating substrate (ribbons with 40 to 60 µm thickness and 1 to 2 mm wideness). The 
composition of these alloys was: 
 
𝑀𝑜40−60 𝑇20−40 𝑋20 (9) 
 
Where T is one or more of the elements Fe, Ni, Co, Cr and Al; and X is two or more of 
the metalloids P, B, C and Si. The Tx shown by these alloys is between 800 and 900°C 
(Table 5). Furthermore, if some Mo is substituted by W, the thermal stability is improved 
and Tx is in the range of 900-950°C. In order to improve the hardness Boron is found to 
be the best metalloid to be incorporated in the alloy. When the atomic percentage of B 
is 20% (X20 = B20) the hardness is widely enhanced, but the Tx does not vary much when 
varying the metalloid. However, these developed metallic glasses are only ribbons with 
small wideness and, therefore, they cannot be considered as fully BMGs. Other Mo-
based metallic glasses that have been only developed as glassy foils are in the Mo-Ru 
system [31].  
 
 
Table 5: Mo-based systems developed by Mahan [30] 
 
The main reports related to the topic of this thesis are written by Zhang and his 
colleagues [8] [6]. Both articles are related to the alloy Mo44Si26Ta5Zr5Fe3Co12Y5, which 
successfully becomes a metallic glass via mechanical alloying. The crystallization 
temperature is 1324 K and it also shows a large supercooled region (122K), which is 
needed to process bulk forms from the powder through warm consolidation or sintering.  
 
Alloy Tx1 (K) Hv (MPa) 
Mo48Cr32P12B8 1151 - 
Mo52Cr14Fe14P12B8 1136 12360.6 
Mo40Cr25Fe15B8C7Si5 1186 - 
Mo35W20Cr18Fe7P6B6C5Si3 1223 - 
Mo40Fe40B20 1125 19129.5 
Mo40Co15Fe15B20 1143 17461.8 
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The main elements in the alloy are chosen after studying the amorphization via MA 
during 32 hours in many binary systems with equiatomic composition Mo50X50 (X = Ni, 
Fe, Co, Si). They decided that Mo-Co-Si ternary alloy was optimal and it was further 
investigated. The amorphous phase was found to be predominant with the Mo50Si35Co15 
composition and this system reached an estimated full amorphization after 48 hours of 
MA (Figure 1). Then they added more elements to the alloy instead of milling for a longer 
time to get a fully amorphous alloy, also in order to avoid a contamination excess from 
the milling vial. All of the alloys further milled are also milled for 48 hours. After getting 
the DSC data for this composition the Tx is 1164 K, and the Moy(Si0.7Co0.3)100-y alloys are 
investigated (Figure 2) in order to improve this value. Tx increased with higher y and the 
maximum Tx achieved is 1244 K when y = 60, but the alloy is not totally amorphous yet.  
 
 
Figure 1: Evolution on time of the amorphous phase for Mo50Si35Co15 [8] 
 
 
Figure2: Diffraction patterns and DSC data for different Moy(Si0.7Co0.3)100-y alloys [8] 
 
Looking to further improve the thermal stability and to obtain a fully amorphous alloy, 
the Mo60Si28Co12 alloy is chosen and the research is continued by adding new elements. 
The composition is then adjusted to Mo44Si26Ta5Zr5Fe3Co12Y5 and the Tg and Tx are 1202 
K and 1324 K respectively. So finally a fully amorphous metal with high thermal stability 
and a wide supercooled liquid region is obtained. 
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Figure 3: Diffraction patterns and DSC data for the different new compositions until 
Mo44Si26Ta5Zr5Fe3Co12Y5 [8] 
 
The Young’s modulus and hardness of the alloy were determined via nanoindentation 
loading-unloading curves. The Young´s modulus obtained is approximately 235 GPa and 
the hardness is 18.1 GPa. So, the strength of the alloy is also higher than usually.  
 
2.2. Mechanical alloying (MA) 
 
During the 1980s many new amorphization techniques were developed. One of them 
was mechanical alloying (MA), which consists in repeatedly welding, fracturing and 
rewelding powder particles, usually in a high-energy ball mill. Therefore, it can be 
defined as a ball milling process where a powder mixture placed in the ball mill is 
subjected to high energy collision from the balls.  
 
MA was first developed in 1966 by John Benjamin at the Paul D. Merica Research 
Laboratory of the International Company (INCO) when he and his team were looking to 
produce a nickel-base superalloy for the aerospace industry [32]. But it was not until 
1981 when the first amorphous alloy phase was formed by MA. It was a Y-Co 
intermetallic compound [33], and two years later the same achievement in the Ni-Nb 
system [34] confirmed that MA worked as non-equilibrium processing technique. After 
that many research started in order to synthetize more stable phases using this 
technique and a lot of different amorphous alloys were synthesized and can be found in 
the review by Suryanarayana [21].  
 
Probably one of the main advantages, this processing technique presents, is the fact that 
the alloy composition is not such an important factor. As it has been said, when 
solidification techniques such as rapid quenching are used, it is important to look for 
systems with low cooling rates, e.g. Zr- or La-based systems. If some changes in 
composition are made, it will probably also affect the glass-forming ability of the alloy. 
However, using MA this limitation does not exist. Hence it is possible to modify the 
composition of the alloys. Eckert, Seidel and Schultz developed Zr- and Mg-based 
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metallic glasses with a wide supercooled liquid region and the results were as good as 
the ones obtained in alloys prepared via rapid quenching, showing that MA is a good 
option to obtain metallic glasses [9]. Unfortunately, they tried to produce also 
amorphous Al-based alloys but it did not succeed. 
 
Alloys Tx1 (K) ∆Tx (K) 
Zr41.2Al13.8Cu26.2Ni18.8 775 46 
Zr50Al13.8Cu26.2Ni10 774 92 
Mg55Y15Cu30 509 60 
 
Table 6: Amorphous alloys developed by MA by Eckert [9] 
 
The amorphization process in MA relies on the milling parameters and that is why it can 
seem like any alloy can become a metallic glass under the appropriate milling conditions, 
but it is not always true. There are other variables that can affect the process, like the 
milling energy or the milling temperature, which should also be controlled.  
 
Regarding to the refractory metallic glasses, it is important to remember that MA is a 
better option than solidification techniques because of the higher melting point of the 
main element in the alloy.  
 
2.2.1.  Process Parameters  
 
There are some milling characteristics regarding to the machinery used, such as the type 
of mill or the milling container and grinding medium [21]. 
 
There are different types of high-energy mills that differ in efficiency, capacity or type 
of shaking motion and the most common types used in research labs are SPEX shaker 
mills and planetary ball mills. SPEX shaker mills are normally used for laboratory 
research. The most common SPEX mill has only one vial, where the sample and the 
grinding balls are placed in. The movement of the vial combines back-and-forth shaking 
motion with lateral movements, so it seems like the vial is describing an infinity symbol 
(∞) as it moves. This special movement increases the ball velocities and therefore the 
force of the collisions is greater than in other mills.  
 
Planetary ball mills are also used for research experiments, and the capacity of these 
machines is higher than in SPEX (few hundred grams instead of a few tens). Two German 
companies that produce planetary ball mills are Fritsch and Retsch. There can be two or 
four vials in a mill, and their movement is, like the name expresses, similar to the planets 
movement. The vials are located on a disk that rotates, and at the same time the vials 
also rotate around their own axes. Both rotate in opposite directions, so the centrifugal 
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forces act alternately in like and opposite directions, as shown in Figure 4. That means 
that the balls in the vials are subjected to superimposed rotational movements, causing 
the Coriolis forces. Also the speed differences between the balls and the jars leads in an 
interaction between frictional and impact forces, releasing high dynamic energies. The 
combination of these forces results in a high degree of size reduction. Regarding to MA, 
the impact energy produced by the ball has to be large enough to form an alloy. The 
needed energy is usually achieved with a speed ratio of the vial to the disk of 1:2. In 
planetary ball mills the linear velocity of the balls is higher than in SPEX mills, but the 
frequency of impacts is much lower. This fact implies that SPEX mills are considered 
higher energy mills [21].  
 
 
 
Figure 4: Schematic view of the planetary ball mill movement 
 
The most important characteristic about the vial containing the powder and the balls is 
the material, because it is possible that some material is released and incorporated in 
the sample, which would contaminate it. In order to avoid this problem, the materials 
should be as hard as possible. Some of the materials commonly used are hardened steel, 
stainless steel, tempered steel and tungsten carbide. Some other possible materials are 
zirconia, silicon nitride, silicon carbide, alumina or zirconium silicate. Material used for 
the grinding balls should be the same as the used in the vial, in order to avoid cross 
contamination, and therefore the available materials for the balls are also the same 
ones. The size and density of the balls is also important. Usually, larger balls with higher 
density transfer more impact energy, and it also affects the final constitution of the 
powder. However, according to some studies reported by Suryanarayana [21] about 
amorphization, it seems that a smaller ball size helped in the formation of the 
amorphous phase, maybe because the intense frictional action the smaller balls cause. 
Lastly, the common procedure is using only one size of the grinding balls, although there 
is also the possibility to mix different sized balls. In order to leave space for the balls and 
the powder to move around in the vial, it is important to leave approximately 50% of 
the container space empty, and since the contamination of the powder has to be 
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avoided, the atmosphere in the vials should be an inert gas such as helium or argon, 
because the air in the vial produces oxides and nitrides in the powder. Lastly, 
temperature is also important, but usually MA is performed at room temperature and 
there are only some studies reporting the intentional change of temperature. For 
example, amorphization by MA in Ni-Zr systems has been proved to be more effective 
at 200°C than at room temperature [35].  
 
Besides these characteristics, there are also some process parameters that can be 
chosen in order to achieve the desired amorphization of the alloy. These parameters are 
basically the milling speed and the ball-to-powder ratio, and by varying them it is 
possible to achieve a different milling energy and therefore a different milling time 
necessary for the amorphization. In the case of planetary ball mills, the milling speed is 
the speed in rpm of the disk or sun wheel where the vials are, and the ball-to-powder 
ratio (BPR) is, as its name indicates, the ratio of the weight of the balls to the powder in 
the vial. Usually the speed is between 150 and 300 rpm and BPR value, in a laboratory 
mill, is in the range of 10:1.  
 
The time needed for amorphization generally decreases when the speed and the BPR 
increase (and so does the milling energy), as Bhat and Murty demonstrate for Zr-, Ti-, 
Cu-, Fe and Ni-based compositions [36]. Also, after studying the amorphization time at 
different combinations of speed and BPR they observed that, for every composition, 
when the BPR is high enough (20:1) the amorphization time is not very sensitive to the 
milling speed. In the same way, when the milling speed is high (300 rpm) the time is less 
sensitive to the BPR (Figure 5).  
 
 
 
Figure 5: Milling maps for Fe56Co7Ni7Zr10B20 obtained by Bhat [36] 
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Figure 6: Amorphization time for Fe56Co7Ni7Zr10B20 at 300 rpm and different BPR [36] 
 
Interestingly, they observed that at higher milling intensities (high BPR and speed) the 
necessary time is very similar no matter which alloy composition is being milled (Figure 
6). They interpreted that result by saying that the total energy needed for the 
amorphization has to be similar for different systems, since the final amorphous 
structure is also similar.  
 
Regarding amorphization by MA and its parameters, there are some more interesting 
points to consider. According to some studies pointed out by Suryanarayana [21] it 
seems like “soft” milling conditions, such as small ball sizes, low milling energies and low 
BPR, favour amorphization or metastable phase formation. In the same way, “hard” 
milling conditions appear to produce equilibrium phases. Usually, higher milling energy 
(higher BPR and speed) is expected to cause more strain and higher defect 
concentration, leading to easier amorphization. However, the higher energy causes also 
more heat and maybe this results in the crystallization of the amorphous phase. In 
conclusion, it is important to find a balance between the milling energy and the 
temperature to obtain the desired final microstructure. It seems like the maximum 
composition amorphization range is observed at intermediate values of milling energy, 
because too low energy is not enough to amorphize the powder and too much energy 
causes a rise of the temperature that leads amorphous phase to crystallization. These 
observations were also reported in different systems, like for example Mg-Zn based 
alloys [37] or Ni-V based [38].  
 
2.2.2.  Milling energy 
 
As it has been said, milling energy influences largely in the amorphization process, and 
it depends on other milling parameters such as the BPR or the speed. Abdellaoui and 
Gaffet [39] concluded that the impact energy or the frequency of these impacts are not 
the cause of the amorphization, but the power they imply (the product of the energy 
and the frequency). In the same way, Murty [40] defined the energy that decides the 
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amorphization as the total energy imparted during the milling process and not only the 
impact energy of each ball.  
 
S.K. Pabi and his colleagues [41] also studied the impact energy when milling in a 
planetary ball mill .They present a kinematic analysis for the rotating disc and the vials 
in order to understand the mechanics of milling in terms of a global Cartesian reference 
space. They consider the elastic properties of the grinding medium, proposing that part 
of the power generated in an impact is spent for the elastic deformation of the ball. The 
results they obtained are also being used in this thesis.  
 
The impact energy of ball can be calculated as the kinetic energy of a ball of mass m in 
the event of an impact, which can be expressed as [41]: 
 
𝐸𝑏 =
1
2
𝑚𝑣2 
(10) 
 
Where m can be calculated as the total mass of the balls in the milling container and v2 
can be deducted from the following equation: 
 
𝑣2 = 𝑤𝑑
2 𝑟𝑑
2 + (𝑤𝑑 − 𝑤𝑣)
2 𝑟𝑣
2 + 2𝑤𝑑(𝑤𝑑 − 𝑤𝑣)𝑟𝑣 𝑟𝑑  cos ∅1 = 𝑣𝑟
2 + 𝑣𝑡
2 (11) 
 
v = speed of the ball in m/s 
wd = rotational speed of the disk in the anticlockwise direction in rad/s 
rd = distance between the origin and the centre of the vial in m 
wv = rotational speed of the vial in the clockwise direction in rad/s 
rv = distance between a ball and the centre of the vial 
Φ1 = angular distance described by the ball at the point of detachment, which can be 
calculated as: 
∅1 = 𝜋 − 𝑐𝑜𝑠
−1𝑆 
 
(12) 
𝑆 =  
𝑟𝑣 (𝑤𝑑 − 𝑤𝑣)
2
𝑟𝑑  𝑤𝑑2
 
(13) 
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Figure 7: Diagram by Pabi [41] showing the positions of the ball on the vial surface 
 
Then, according to Murty [40] the total energy per unit weight of powder can be 
calculated as: 
 
𝐸𝑡 =
𝐸𝑏 · 𝑓 · 𝑡
𝑊
 
(14) 
 
𝑓 = 𝐾(𝑤𝑑 − 𝑤𝑣) (15) 
 
Where f the frequency of impacts, t the milling time, W the powder mass and K is a 
constant = 1.5 for a ball diameter between 8 and 10 mm (wv and wd in rps).  
 
According to Abdellaoui and Gaffet [39], and to Pabi [41] the total power transmitted by 
the ball per impact (Pb) is also directly related to the Eb. 
 
𝑃𝑏 = 𝑓 𝐸𝑏 (16) 
 
Where f is also the frequency of collisions. However, Pabi notes that the effective power 
(Pe) transferred by the ball should be calculated taking into account the power spent for 
the elastic deformation of the ball (Pd). 
 
𝑃𝑒 = 𝑃𝑏 − 𝑃𝑑  (17) 
 
They also calculated Pe and Pb as a function of wd for WC and chrome-steel milling 
medium and the results they obtained are shown in Figure 8. Using them and assuming 
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that both functions for P stay approximately lineal from 250 rpm on, Pe can be calculated 
as an approximated percentage from Pb.  
 
Figure 8: Diagrams by Pabi [41] showing the evolution of the power for different speeds and 
grinding medium 
 
For example, in the chrome steel case for wd values larger than 250 rpm: 
 
𝑃𝑒 = 43,307 %  𝑜𝑓  𝑃𝑡 (18) 
 
And so, using again the fact that the energy is proportional to the power, the effective 
energy transferred by a ball per impact is obtained. 
 
𝐸𝑒 = 𝐸𝑏 − 𝐸𝑑  (19) 
 
𝐸𝑒 = 43,307 %  𝑜𝑓  𝐸𝑏 (20) 
 
This effective energy can now be used to calculate the total milling energy per unit 
weight of powder or the shock power, both of them valid as responsible parameters for 
the amorphization of the alloy.  
 
Lastly, milling maps can also be useful to understand the influence of the milling energy. 
These maps have still not been developed for many compositions, but Bhatt and Murphy 
[36] made them for some alloys and the conclusions they extracted are interesting and 
useful. For all the studied alloys (Zr-, Ti-, Cu-, Fe and Ni-based compositions), they 
observed an “energy window”, in which amorphization occurs. There is a range in the 
total milling energy Et (calculated without considering the elastic deformation), no 
matter which the impact energy per ball Eb is, where all the investigated alloys become 
amorphous, and the critical energy is approximately the same for all of them (500-600 
J/g). Also the glass-forming criterion using Trg [16] shows similar results for all the alloys. 
So, it can be observed that total milling energy Et is the most important factor concerning 
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amorphization, and that an important relation between the GFA during MA and during 
rapid quenching exists, as it has been pointed out in previous paragraphs [20].  
 
 
 
Figure 9: Diagrams by Bhat [36] showing the critical milling energy for Fe56Co7Ni7Zr10B20 and 
Zr65Cu17.5Ni10Al7.5 
 
  
CHAPTER 3 
 
22 
 
CHAPTER 3. EXPERIMENTAL PROCEDURE 
3.1. Preparation of the alloys 
3.1.1.  Choice of the elements 
The first alloy is Mo44Si26Ta5Zr5Fe3Co12Y5, which has already been developed as a metallic 
glass by Zhang, Ma and Xu [8] by MA utilizing a SPEX mill. The characteristics of this alloy 
agree with Inoue’s GFA criterions:  
- It is a multicomponent alloy with more than three elements. 
- The group of alloying elements has a large negative heat of mixing (∆Hmix) with 
the main element Mo, especially Si.  
- There is a significant difference in atomic sizes among the ratios of the elements 
(Ri). 
 Mo Si Ta Zr Fe Co Y 
Ri (nm) 0.140 0.132 0.147 0.160 0.126 0.125 0.178 
∆Hmix (kJ/mol) - -35 -5 -6 -2 -5 24 
Tm (K) 2893 1687 3290 2127.85 1811 1768 1795.15 
Atomic % 44 26 5 5 3 12 5 
 
Table 7: Ri and Tm [29], and ∆Hmix [42] of the Mo44Si26Ta5Zr5Fe3Co12Y5 elements 
 
The second multicomponent alloy is chosen based on the previous one and the main 
goal is enhancing the Tg and Tx of it. So, the idea is to substitute the elements having the 
lowest Tm with elements having a higher Tm and a similar atomic size, like Qiang et al. 
did [26]. Since the atomic percent of Si in the alloy is so high and also the negative heat 
of mixing is very large, it is thought, also confirmed by Zhang [8], that it has a huge 
responsibility in the amorphization process, and it is not substituted although it has a 
low Tm. The other 3 possible substitution options are Fe, Co and Y. Then some alternative 
elements are studied, firstly choosing them because of their higher Tm and their 
availability in the IFW. Their properties can be seen in Table 8.  
 
Looking also for an enhancement of the hardness, B is chosen, like Mahan and Jha did 
[30]. This element presents a ∆Hmix almost as large as Si, which should help to improve 
the GFA of the alloy, and its atomic size is much smaller than Mo. This last fact extends 
the size distribution range the same way Y does, which is important since the addition 
of Y clearly enhanced the GFA and the thermal stability [8]. Then V and Cr are chosen to 
substitute Fe and Co. They present similar atomic sizes, so the distribution range is not 
widely changed. Furthermore, Cr is one of the elements shown in equation (9) [30] 
which have a good glass-forming ability when mixed with Mo, as well as Co and Fe. The 
enthalpy of mixing is 0 for both of them (Cr and V), but it is observed that Fe, Co and Y 
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presented poor values for that parameter (∆Hmix = -2, -5 and 24 kJ/mol respectively), so 
by adding V, Cr and B (∆Hmix = 0, 0 and -34 kJ/mol respectively) GFA should be enhanced. 
Furthermore, the relationship existing between V and Cr is similar to the one between 
Fe and Co regarding to the chemical aspects, because both pairs have consecutive 
atomic numbers. That means that the working atomic percentage combination Fe3Co12 
should also work as V3Cr12. Also the valences of the elements substituted agree with the 
valences of the new chosen elements: Fe and V both have +2 and +3 valence, Co and Cr 
have also +2 and +3 in common, and Y and B have +3 [29].  
However, since the atomic mass of Y (88.91 g/mol) and B (10.8 g/mol) is so different, 
the atomic percentages of each new element in the alloy are rearranged. So instead of 
V3Cr12B5, the V2Cr12B6 combination is chosen, enhancing the final B amount. Finally the 
second alloy is Mo44Si26Ta5Zr5V2Cr12B6. 
Element Tm (K) Ri (nm) ∆Hmix (kJ/mol) 
Ti 1941 0.147 -4 
V 2183 0.135 0 
Cr 2180 0.129 0 
Nb 2750 0.147 -6 
W 3693 0.141 0 
Hf 2506 0.156 -4 
Re 3458 0.137 -7 
B 2348 0.089 -34 
 
Table 8: Possible alternative elements and their main characteristics [29] [42] 
 
 
 
Figure 10: Atomic sizes showing a uniform distribution of both elected alloys, and their 
enthalpy of mixing with Mo, showing the favourable changes in the second alloy 
 
3.1.2.  Preparation of the powder 
It is decided to prepare 30 grams of powder for each alloy, and it is decided to prepare 
a prealloyed ingot and then crush it into fragments. The ingot is prepared by arc-melting 
the pieces of each element with 99.5% or higher purity. This process is performed in a 
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Ti-gettered argon atmosphere in a copper crucible. The average particle size after 
crushing is approximately smaller than 500 µm. However, it is not so important because 
after few milling time the particle will become as small as possible. 
3.2. Development of the Mechanical Alloying 
3.2.1.  Machinery 
 
The machine used for the milling is a planetary ball mill PM 400, produced by the 
German company Retsch. These are the most important characteristics of the model 
that can be find in IFW installations.  
 
Characteristic Value 
Material feed size <10 mm 
Final fineness <1µm 
Nr of grinding stations  4 
Speed ratio (wv/wd) 1/2 
Sun wheel speed (wd) 30 – 400 rpm 
G-force 26,8 g 
Type and volume of grinding jars “comfort”, 250 ml 
Material of grinding tools Tungsten carbide (WC) 
Grinding balls Tungsten carbide (WC), 10 mm Ø 
Setting of grinding time Digital (from 0:00:01 to 99:59:59) 
Interval operation Yes, with direction reversal 
Electrical supply data Different voltages 
Power consumption 2100 W 
W x H x D closed 836 x 1220 x 780 mm 
Weight  290 kg 
Patent SafetySlider (DE 202008008473) 
 
Table 9: Characteristics of the Retsch PM 400 [43] 
 
The operator can select the sun wheel speed and the milling time, during which the 
direction of rotation can be reversed. In this case, the speed is reversed every 90 seconds 
and in order to avoid high temperatures the milling is stopped every 60 minutes for 10 
minutes each. The milling is executed at room temperature and the atmosphere inside 
the grinding vials is argon. The preparation of the grinding jar with the balls and the 
powder is carried out in an argon box, so the atmosphere in the jar remains inert and 
avoids contamination. There are 4 grinding stations and either two or all of them have 
to be occupied during the milling, so the weight in the machine is balanced. In this case 
two of them are occupied, one in front of the other. The safety is important and the 
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grinding jars should be well closed and also fixed in the grinding stations with the help 
of a clamp. These features can also be observed in Figure 11.  
 
 
 
Figure 11: Retsch planetary ball mill, as well as a grinding jar and the grinding stations in the 
mill 
 
3.2.2.  Chosen Parameters 
Since the right parameters (“soft” or “hard” milling conditions) that lead to 
amorphization are not yet clear, it is decided to start with middle values of BPR and 
milling speed. Therefore, the milling energy is not so high, and in case the glass 
formation does not succeed these values can be easily rearranged. The used values for 
speed normally are around 200-250 rpm, so the temperature does not get too high and 
the machine is not forced to its limit. About the BPR, it is only remarkable that half of 
the grinding jar should be left empty, but since the amount of powder is small (30 gr) 
this is not supposed to be a limitation. So, finally the chosen values are 14:1 as BPR and 
200 rpm as milling speed.  
 
Since the powder mass is 30 grams, the mass of the grinding balls is selected to be 420 
grams. The material, the balls are made of, is hard tungsten carbide (93.8% WC and 6% 
Co) with density = 14.95 g/cm3, and their diameter is 10 mm (Table 9), so the necessary 
number of balls n is calculated and equal to 54.  
 
𝑛 =
420
4 𝜋 𝑟3
3 ·  𝜌
= 53.65 ~ 54 𝑏𝑎𝑙𝑙𝑠  
(21) 
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The milling energy achieved can also be calculated using the values in Table 10, and the 
followed calculation process is the one described in Chapter 2 for a planetary ball mill. 
According to equation (11), v2 = 9.87. And the total mass of the balls m = 420 grams. 
Finally, by equation (10), Eb = 2,073 J. Knowing that Eb is directly related to Pb, the 
effective power Ee can be approximately calculated using the diagrams for WC at 200 
rpm in the Figure 8: 
 
𝐸𝑒 = 16.67 %  𝑜𝑓  𝐸𝑏 = 0.35 𝐽 (22) 
 
So, now the effective shock power and the total milling energy are calculated using 
equations (14) and (16). 
 
𝑓 = 𝐾(𝑤𝑑 − 𝑤𝑣) = 1.5 (3.33 𝑟𝑝𝑠 − 1.67 𝑟𝑝𝑠) = 2.5 𝐻𝑧 (23) 
 
𝑃𝑒 = 𝑓𝐸𝑒 = 2.5 𝐻𝑧 · 0.35 𝐽 = 0.87 𝑊 (24) 
 
𝐸𝑡 =  
𝐸𝑒𝑓𝑡
𝑊
=
0.35 𝐽 · 2.5 𝐻𝑧 · 𝑡 · 3600 𝑠
30 𝑔
=  103.63 𝑡 
𝐽
𝑔
  
(25) 
 
In case the amorphization does not occur successfully, the parameters should be 
changed in order to enhance the milling energy, and the new values are 17:1 as BPR and 
300 rpm as milling speed. In that case Pe becomes 2.835 W and the total energy Et, would 
be 340.2t J/g. 
 
Parameter Value 
wd 200 rpm = 20.944 rad/s 
rd 150 mm 
Tr (Speed transmission ratio) 2 
wv 200/2 = 100 rpm = 10.47 rad/s 
rv 35 mm 
S 0.05836 
Φ1 93.345° 
 
Table 10: Parameter values for the calculation of the milling energy 
 
The powder is first milled during 30 hours, and since the alloy is not fully amorphous the 
milling continues until 55 hours for Mo44Si26Ta5Zr5Fe3Co12Y5 and 60 hours for 
Mo44Si26Ta5Zr5V2Cr12B6. The final milling values can be found in Table 11. The changes in 
the parameters have only been performed for the Mo44Si26Ta5Zr5V2Cr12B6 during the last 
5 milling hours. The cause of this change will be discussed in the next chapter.  
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Milling time Mo44Si26Ta5Zr5Fe3Co12Y5 Mo44Si26Ta5Zr5V2Cr12B6 
 BPR  Speed (rpm) BPR  Speed (rpm) 
0-30 hours 14:1 200 14:1 200 
30-55 hours 14:1 200 14:1 200 
55-60 hours - - 17:1 300 
 
Table 11: Elected BPR and milling speed  
 
3.3. X-Ray Diffraction Measurements (XRD) 
 
Some powder samples are taken in the argon box at regular intervals in order to execute 
an XRD test and observe the amorphization process. The first samples are taken after 
the first, second and fifth hour of milling, and then they are taken every five hours. The 
last sample for Mo44Si26Ta5Zr5Fe3Co12Y5 is at 55 hours of milling, and the last one for 
Mo44Si26Ta5Zr5V2Cr12B6 is at 60 hours. The samples are prepared dispersing a thin 
powder layer on the smooth surface of a holder with the help of some alcohol, which 
provides a good adhesion of the powder after the evaporation. The quantity of powder 
for each sample is very small, 25 mg approximately.  
 
 
Table 12: Measurement conditions for the XRD 
 
The characterization for XRD is carried out in a Philips XPERT X-ray diffractometer with 
Co Kα (λ = 0.178897 nm). The measurement conditions can be found in Table 12. All of 
the diffraction patterns obtained have been analysed using different software programs. 
X’Pert Data Viewer and Match! have been used in order to easily obtain the different 
patterns, compare them and analyse the growth of the amorphous phase quickly and 
easily. HighScore Plus has been used to identify the crystalline phases appearing in some 
of the patterns. This program uses the PDF -4+ as Database, provided by the ICDD 
(International Centre for Diffraction Data).  
 
Characteristic Value 
Anode material Co 
Kα wavelength 0.178897 nm 
Generator voltage 40 kV 
Tube current 40 mA 
Scan mode Step scan 
Angle range 20.025 – 79.975° 
Scan step size 0.05° 
Time per step 5 s 
CHAPTER 3 
 
28 
 
Furthermore, the detailed analysis of the patterns is done using an OriginPro 9.1 
software. Also the pattern characteristics are obtained with this program. In order to 
properly analyze the amorphization of the alloy, an estimation of the amorphous volume 
fraction achieved is done using also this software. The peaks are fitted with the Pearson 
VII function using the Multiple Peak fit tool in Origin. The program automatically 
calculates a constant baseline and does the proper subtraction before finding and fitting 
the peaks. Obviously the fitting is not perfect and the adjusted R-squared value is also 
calculated in order to determine the goodness of the fit (the closer this value is to 1, the 
closer the fit is to the data points). Then, after the fitting, every peak is analysed using 
the Peak Analyzer tool, which integrates its area and determines also other parameters 
such as the FWHM or the absolute intensity.  
 
3.4. Differential Scanning Calorimmetry Measurements (DSC) 
 
The thermal stability of the amorphous phase is evaluated by DSC using a Netzsch DSC 
404 apparatus at a heating rate of 20 °C/min in argon atmosphere. Since it is a refractory 
metal based alloy, the scan is performed at high temperature, which means the sample 
achieves 1200 °C and only the Tg and Tx are studied. The typical scan is performed in four 
steps: first the sample is heated until 1200°C (step 1), then cooled down until 30°C (step 
2), and then kept at that temperature for approximately 30 minutes (step 3). Lastly it is 
heated again until 1200 °C (step 4).  
 
Thermal stability is then studied for every case with the help of the Netzsch software 
(Netzsch Proteus Software for Thermal Analysis). Baseline subtraction is proposed and 
the scan line obtained in step 4 is chosen as baseline in every case. Then this baseline is 
subtracted from the scan line obtained in step 1, and the data is ready to be analysed. 
When finding a heat peak the software can automatically calculate the main parameters 
such as the integrated intensity (or area), the width and height and the onset 
crystallization temperature Tx. It also calculates the glass transition temperature Tg and 
the inflection point of the glass transition zone.  
 
For the glass transition there is no peak to observe, because there is no heat given off 
or absorbed, but there is a change in the heat capacity of the alloy. This change does not 
occur suddenly and takes place over a temperature range. Then choosing one discreet 
value for Tg can be difficult and in this thesis the chosen one is point A (Figure 12). The 
software shows that point as the onset glass transition temperature, and it is the 
intersection of two tangents at the start of the corresponding endotherm. 
 
When the amorphous alloy crystallizes it gives off heat, so a heat peak can be observed 
in the DSC scan. The onset crystallization temperature in this case is also the intersection 
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of the two tangents as shown in Figure 12. The area of the peak is understood as the 
latent energy of crystallization for the alloy.  
 
 
Figure 12: Example of a glass transition zone and the possible points for choosing the Tg value 
(left) and example of a crystallization peak (right) 
 
The amount of powder needed is approximately 30 grams and it is placed on an Al2O3 
crucible. The analysed samples are the amorphous Mo44Si26Ta5Zr5Fe3Co12Y5 after 55 
hours of milling, and Mo44Si26Ta5Zr5V2Cr12B6 after 60 hours, and also some XRD 
measurements are performed to help with the interpretation of the obtained results.  
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CHAPTER 4. RESULTS AND DISCUSSION 
 
In this Chapter the glass-forming ability and thermal stability of Mo44Si26Ta5Zr5Fe3Co12Y5 
and Mo44Si26Ta5Zr5V2Cr12B6 is analyzed through XRD and DSC tests. The influence of the 
milling energy in the amorphization of both alloys is also studied. Finally the results are 
compared in order to understand which are the alloy characteristics and milling 
parameters which enhance GFA and thermal stability.  
 
4.1. Mo44Si26Ta5Zr5Fe3Co12Y5 
 
4.1.1.  Analysis of the Starting Powder 
 
The first diffraction pattern to analyse is the original powder, before starting the milling. 
Since the alloy consists in a crushed ingot prepared by co-melting of the different 
elements, and it is not a mixing of the elements in powder form, it is interesting to 
observe the initial phases formed in order to analyse the further amorphization.  
 
 
Figure 13: Original XRD pattern for Mo44Si26Ta5Zr5Fe3Co12Y5.  
 
Identified phases 
Ta2Si 
Ta 
Mo 
Co 
Mo0,2Fe0,8 
Fe0,75Si0,25 
 
Table 13: Identified phases of Mo44Si26Ta5Zr5Fe3Co12Y5 
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The appearing phases are identified using the ICDD database and the different phases 
found are listed in Table 13. Not all the elements of the alloy appear (Zr and Y are 
missing) and that is possibly because not all of the peaks have been identified, only the 
most significant ones.  
 
4.1.2.  Glass-forming ability 
 
Milling is then performed using the parameters detailed before (BPR = 14:1, speed = 200 
rpm). After the first 5 hours the crystal peaks widen because of the grain refinement and 
the internal strain and only some peaks can still be clearly seen, especially the Mo peak 
at 2θ = 47.18, which is now the most intense. Also another Mo peak at 2θ = 69.28 can 
yet be seen. After 30 hours the Mo peak, the Mo0,2Fe0,8 and the Fe0,75Si0,25 remain and 
they are found superimposed to the diffuse peak of the amorphous phase, which is 
located in the range 2θ = 40-60°. The amorphous volume fraction is yet estimated 
around 62%. After 40 hours the halo from amorphous phase is more obvious, but a 
fraction of crystalline Mo stills remains visible, estimated around 25%. Milling is then 
continued until 55 hours and almost no change is observed in the XRD patterns except 
for two new crystallization peaks (at 2θ = 41.63 and 56.73), which demonstrate the 
apparition of WC (Tungsten Carbide).That means contamination from the milling media 
is being exceeded. This evolution is shown in Figure 14.  
 
Taking into account this appearing contamination and the fact that the system seems to 
evolve slowly, milling was stopped. Continuing with the milling, and therefore enhancing 
the milling energy, would lead to further contamination and the amorphous fraction 
obtained is acceptable (estimated around 87% at 55 hours).  
 
Since it is demonstrated that Mo is the competing crystalline phase, its peak reduction 
and the amorphization growth along the milling time is analysed in order to study the 
influence of the milling energy. The diminishing integrated intensity of the Mo peak is 
analysed, as well as the amorphous volume fraction achieved. These characteristics are 
studied from 20 hours on, because before the amorphization halo is not easily 
detectable because of the many crystal peaks. One example of an analysed peak can be 
found in Figure 15, where two different peaks can be observed after fitting them with 
the Origin software. In order to estimate the amorphous fraction, equation (26) is used. 
 
% 𝐴𝑚𝑜𝑟𝑝ℎ =  
𝐴𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 ℎ𝑎𝑙𝑜
𝐴𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 ℎ𝑎𝑙𝑜 + 𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘
 
(26) 
 
Where A is the integrated intensity of the peak. However, the obtained estimation 
results contains an error due to the non-perfect fitting of the peaks. The adjusted R-
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squared value is approximately 0.9 for every XRD pattern fitted, which means the fitting 
is not perfect. So, the estimation contains an error of approximately 10%.  
 
 
Figure 14: Evolution of the MA for the Mo44Si26Ta5Zr5Fe3Co12Y5 
 
 
 
Figure 15: Example of the peak fitting and further analysis for the Mo44Si26Ta5Zr5Fe3Co12Y5 
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Despite the error, the amorphous fraction is analysed. It can be easily observed that it 
keeps increasing as long as the milling energy does in Figure 16, and the integrated 
intensity of the Mo peak diminishes. The diminishment of the Mo peak from 30 hours 
on can be perfectly estimated by a linear equation with almost no error (27), where x is 
the milling energy expressed in J/g and y is the integral intensity of the Mo peak. So it is 
chosen as the most reliable estimation of the amorphization evolution of the alloy. 
According to that and assuming that the integral intensity of the Mo peak is zero when 
fully amorphization is achieved, fully amorphization would be fulfilled at 10659 J/g (103 
hours).  
 
𝑦 = 5.81257 − 5.45297 · 10−4 𝑥 (27) 
 
This value can be compared to Zhang data regarding to the same alloy [8]. In that case 
the milling energy achieved for fully amorphization is 13746 J/g after 48 hours of MA in 
a SPEX mill. Then, choosing 10659 J/g as the estimated necessary milling energy for the 
fully amorphization shows that the alloy developed for this thesis is more easily 
amorphized than Zhang’s. Since the composition of the alloy is the same, that difference 
can be due to the preparation of both of the alloys. Zhang et al. prepared it by mixing 
the necessary amount of powder of each element while in this case a pre-alloy was 
produced, so the initial crystalline phases are different for each process. In both cases 
Mo is the competing crystalline phase, but while in this case the peaks regarding the 
other phases (Ta2Si, Ta, Co, Mo0.2Fe0.8 and Fe0.75Si0.25) disappear after approx. 3627 J/g, 
in Zhang’s case the pure elements Si, Ta, Zr, Fe, Co and Y disappear after 9164 J/g. 
However, Zhang achieves the amorphization after only 48 hours thanks to the higher 
milling energy that the SPEX mill provides. That is clearly an advantage because after 50 
hours of milling contamination from WC has appeared, which could be avoided if the 
milling time was shorter.  
 
Regarding to the Mo peak, it is also interesting to mention its broadening along the 
milling, which indicates the decrease of the crystallite size. Also for both values it is 
interesting to mention the change occurring when the alloy reaches the 2500 J/g and 
the amorphous phase is predominant from that moment on (62,13% at 3100 J/g). 
However, after that step, the evolution until the fully amorphization is slow, and after 
25 hours and with almost twice the energy, the amorphous fraction increases only in a 
25%.  
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Figure 16: Increase of the amorphous volume fraction depending on the milling energy (left) 
and Decrease of the intensity of the Mo peak depending on the milling energy (right) 
 
4.1.3.  Thermal Stability of the Final Powder 
 
The final powder is analysed also by DSC in order to find the Tg and the Tx and therefore 
analyse the thermal stability of the new amorphous alloy. The DSC scan obtained is 
shown in Figure 17.  
 
The scan does not show the typical endothermic signal caused by the glass transition 
and the heat peak does not present the expected shape, so in order to confirm the 
crystallization, an XRD measurement of the powder after DSC scan is performed (Figure 
18). That way crystallization is confirmed and it is deduced that the excessive width of 
the heat peak is just due to a slow crystallization process. Regarding to the fact that the 
glass transition is not easily detectable, there are many alloys existing that do not show 
that signal on the scans and the Tg could also be searched using other tests such as DMA. 
Unfortunately, the maximal temperature allowed for that test with the equipment 
available at IFW is 700 °C, which is obviously too low for a refractory metal-based alloy. 
That is why the Tg is not obtained for this alloy. 
 
The heat peak is analysed and the Tx and the heat of crystallization are found to be 
1122.05 K and 55.06 J/g respectively. The onset crystallization temperature Tx is lower 
than expected, because the one achieved by Zhang is 1324 K. This low thermal stability 
agrees also with the non-appearing Tg signal, because one of the facts that indicate an 
increase of the thermal stability is the emergence of this signal in the DSC scan.  
 
These lower results could be related to the non-fully amorphization of the alloy, because 
normally increasing the fraction of amorphous phase leads also to an increase of the Tx 
and the heat of crystallization. However, the amorphization of the 
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Mo44Si26Ta5Zr5Fe3Co12Y5 in this case is estimated around 87%, which is already a high 
value, and the difference between both Tx is 201.95 K, which is a huge difference. The 
composition of the alloy, specially the Mo content, is the most important factor 
determining the thermal stability of the alloy, as shown in Chapter 2, and in this case 
both of the alloys have the same composition, so it is difficult to say the cause of this 
low thermal stability.  
 
 
Figure 17: DSC scan after baseline subtraction for Mo44Si26Ta5Zr5Fe3Co12Y5  
 
 
Figure 18: XRD pattern after crystallization from DSC, showing Mo3Si crystal peaks 
 
CHAPTER 4 
 
36 
 
4.2. Mo44Si26Ta5Zr5V2Cr12B6 
 
4.2.1.  Analysis of the Starting Powder 
 
Just like in Mo44Si26Ta5Zr5Fe3Co12Y5, the original powder is also analyzed. The appearing 
phases are identified using the ICDD database and the different phases found are listed 
in Table 14.  
As for Mo44Si26Ta5Zr5Fe3Co12Y5, not all the elements are appearing (Zr is missing again) 
also because only the most significant peaks have been identified. In this case the most 
intense peak is located at 2θ=49.59°, which belongs to Cr0.33Mo0.33V0.34. This is probably 
the competing crystalline phase. In this case the single phase Mo is not appearing and 
Cr0.33Mo0.33V0.34 phase seems to indicate the large affinity between two of the new 
elements (Cr and V) and Mo.  
 
 
Figure 19: XRD pattern for Mo44Si26Ta5Zr5V2Cr12B6  
 
 
 
 
 
 
 
Table 14: Identified phases of Mo44Si26Ta5Zr5V2Cr12B6 
 
 
Identified phases 
V3B2 
Ta 
Cr0.33Mo0.33V0.34 
Mo5Si3  
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4.2.2.  Glass-forming ability 
 
Milling is performed using the parameters detailed before (BPR = 14:1, speed = 200 rpm) 
and the evolution of the amorphization is shown in Figure 20. After 5 hours the crystal 
peaks have widen and only Ta, Cr0.33Mo0.33V0.34, and V3B2 can be clearly seen. Also one 
new crystal peak appears at 2θ = 56.73°. After 15 hours, three more peaks appear at 2θ= 
36.76°, 41.63° and 75.98°, and the identified phase for these new four peaks is WC, so it 
seems like contamination from the milling media is starting to be exceed. However, the 
intensity of Ta, Cr0.33Mo0.33V0.34 and V3B2 has diminished and they can be seen 
superimposed to the amorphous halo. After 25 hours of milling the WC peaks have 
grown while the others have either disappeared or diminished, and the amorphous 
volume fraction without taking into account the appearing contamination is estimated 
around 89%. The intensity of Cr0.33Mo0.33V0.34, the competing crystalline phase, 
diminishes as the milling continues. At 55 hours the amorphous volume fraction is 
almost 95% and it is decided to enhance the milling energy by changing the milling 
parameters to BPR = 17:1 and speed = 300 rpm. During 5 more hours the milling 
continues and the Cr0.33Mo0.33V0.34 peak disappears, leaving an amorphous halo (with a 
FWHM of 8.72°) and the crystalline peaks of WC.  
 
Figure 20: Evolution of the Mo44Si26Ta5Zr5V2Cr12B6 from 5 to 25 hours (left) and 40 to 60 hours 
(right) 
 
Cr0.33Mo0.33V0.34 is the last crystalline phase to disappear, so it is decided to analyse its 
peak reduction and the amorphization growth along the milling time in order to study 
the influence of the milling energy. As for Mo44Si26Ta5Zr5Fe3Co12Y5, the diminishing 
integrated intensity of the peak is analysed, as well as the amorphous volume fraction 
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achieved. These characteristics are studied after 15 hours of milling, because before this 
time the amorphization halo is not easily detectable. One example of an analysed peak 
in this case can be found in Figure 21, where the different peaks can be observed after 
fitting them with the Origin software. In order to estimate the amorphous fraction, 
equation (26) is used. The integrated intensity of the WC peaks is not taken into account 
when estimating this fraction, but just the integrated intensity of the Cr0.33Mo0.33V0.34 
and other initial phases and the amorphous halo. The obtained estimation results 
contains an error due to the non-perfect fitting of the peaks. The adjusted R-squared 
value is approximately 0.9 for every XRD pattern fitted, which means the fitting is not 
perfect. So, the estimation also contains an error of approximately 10%.  
 
 
 
Figure 21: Example of the peak fitting and further analysis for the Mo44Si26Ta5Zr5V2Cr12B6 
 
So, the evolution of the peak and the amorphous halo is shown in Figure 22. Regarding 
the amorphous volume fraction, it is calculated without taking in account the WC crystal 
peaks. There is a big change when the milling energy achieves approximately the 2500 
J/g (25 hours) and then the further evolution is slow. In 30 hours (25 to 55h) the 
amorphous volume fraction only increases in 15% (from 90% to 95%), and when the 
milling parameters are enhanced, 5% of increase is achieved in only 5 hours.  
 
Finally, in this case the necessary amount of milling energy to achieve fully 
amorphization is estimated around 7400 J/g. This is energy achieved after 60 hours of 
milling, when the amorphous fraction is estimated around 100% and no more crystal 
peaks beside WC can be observed.  
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Figure 22: Increase of the amorphous volume fraction depending on the milling energy (left) and 
Decrease of the intensity of the Mo peak depending on the milling energy (right) 
 
4.2.3.  Thermal Stability of the Final Powder 
 
The final powder is analysed by DSC in order to find the Tg and the Tx and to analyse the 
thermal stability. The DSC scan obtained is shown in Figure 23 (left).  
 
 
Figure 23: First DSC scan obtained after baseline subtraction for the Mo44Si26Ta5Zr5V2Cr12B6 
(left) and second one also after baseline subtraction (right) 
 
Observing the first scan at Figure 23 it can be thought that there are two crystallization 
peaks appearing but this is denied after running another DSC test. This second test is 
performed in 7 steps. First step consists in heating up the sample until 1020°C (after the 
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first peak), then cooling it down to 30°C (step 2) and then maintaining the sample at this 
temperature for 30 minutes (step 3). Then it is heated until 1200°C (step 4), cooled down 
at 30°C again (step 5), maintained there for 30 minutes (step 6) and heated up again 
until 1200°C (step 7). In this case the chosen baseline is the scan line obtained in step 7, 
and this baseline is subtracted from the scan line in step 4.  
 
The scan line obtained after the baseline subtraction (Figure 23, right) shows just the 
second peak. Also instead of the first peak, a slight increase is observed in the range 900-
1000°C, which could be the typical endothermic signal caused by the glass transition. In 
order to confirm that it is the glass transition and not a phase change or crystallization, 
another scan is run out.  
 
When running out a scan of the original powder (Figure 24), meaning the powder before 
starting the milling, some kind of change in the heat capacity is also observed at the 
range 900-1000°C. After doing the proper subtraction between step 1 and step 4 (both 
green lines in Figure 24) no more change is observed and the obtained line remains 
constant (blue line). That means that the slight increase observed before (Figure 23, 
right) is due to the glass transition and it is not because of the intrinsic alloy properties 
or appearing crystallization. Also an XRD test is run out after heating the mechanically 
alloyed powder until 1020°C and no crystallization is observed.  
 
 
 
Figure 24: DSC scan of the Mo44Si26Ta5Zr5V2Cr12B6 before milling showing the subtraction (blue 
line) between the two heating lines (green lines) 
 
Finally, the heat peak and the glass transition signal are analysed (Figure 23) and the Tg, 
the Tx and the heat of crystallization are found to be 1103.05 K, 1355.35 K and 20,26 J/g 
respectively. All of these values demonstrate the high thermal stability of the 
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Mo44Si26Ta5Zr5V2Cr12B6 and its wide supercooled liquid region (252.3 K), also comparing 
it to other refractory metal based metallic glasses (Tables 2, 3 and 5).  
 
 
 
Figure 25: Analysis of the heat peak and the glass transition zone 
 
4.3. Comparison between the two alloys 
 
4.3.1.  Glass-forming ability 
 
Milling 
time (h) 
Energy (J/g) Volume fraction of the 
amorphous phase (%) 
Integrated intensity of 
the crystal peak 
  A B A B 
10 1036.32 - 38 - 1734 
15 1554.48 - 78 - 591 
20 2072.64 22 77 1852 601 
25 2590.8 35 90 1345 218 
30 3108.96 62 89 386 201 
35 3627.12 - 89 - 188 
40 4145.28 75 90 364 159 
45 4663.44 73 93 371 100 
50 5181.6 82 96 291 67 
55 5699.76 86 94 239 80 
60 7400.76 - 100 - 0 
 
Table 15: Comparing data for the amorphization of Mo44Si26Ta5Zr5Fe3Co12Y5 (A) and 
Mo44Si26Ta5Zr5V2Cr12B6 (B). (There is no reliable data for 35 hours in case A) 
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When comparing both alloys and their glass-forming ability, the parameters analyzed 
are the increasing amorphous phase and the decrease of the crystalline phases 
depending on the milling energy. The values of both parameters can be found in Table 
15, using A for Mo44Si26Ta5Zr5Fe3Co12Y5 and B for Mo44Si26Ta5Zr5V2Cr12B6. The 
amorphous fraction estimation for the second alloy is calculated as previously detailed, 
without taking into account the appearing WC peaks.  
 
As it has been previously noticed, when observing the obtained values for the 
amorphous phase and the crystal peak, the error made when fitting the peaks has to be 
taken into account. In Table 16 the adjusted R-squared obtained for every fitted pattern 
is listed and most of the values are closer to 0.9. This means that the fitting is not 100% 
exact (but approximately 90%) and, therefore, the calculation of the integral intensities 
contains also a small error. So, the values listed in Table 15, which have also been used 
in previous paragraphs, contain also an error of approximately 10% and they cannot be 
considered as absolute values. 
 
Regarding to the comparison, Mo44Si26Ta5Zr5V2Cr12B6 achieves the fully amorphization 
at 7.4 kJ/g while Mo44Si26Ta5Zr5Fe3Co12Y5, according to the results shown in previous 
paragraphs, would achieve it at approximately 10.7 kJ/g. Also in the graph at Figure 26, 
it is seen that Mo44Si26Ta5Zr5V2Cr12B6 is already 90% amorphous at 2.5 kJ/g and at the 
same energy level the amorphous fraction in Mo44Si26Ta5Zr5Fe3Co12Y5 is just 35%. So the 
new alloy reaches a level close to the fully-amorphization much faster. That means 
Mo44Si26Ta5Zr5V2Cr12B6 is more easily amorphized, so it seems like its GFA is higher.  
 
However, at 5.7 kJ/g Mo44Si26Ta5Zr5Fe3Co12Y5 is 86% amorphous while 
Mo44Si26Ta5Zr5V2Cr12B6 is 94%, so the difference is not so wide. That is because of the 
slow increase of the amorphous fraction for Mo44Si26Ta5Zr5V2Cr12B6, which gets to high 
amorphization degree values at low energy levels (90% at 2.59 kJ/g) and then takes 
almost 5 kJ/g to get to the fully amorphization. In Mo44Si26Ta5Zr5Fe3Co12Y5 case it takes 
more energy to achieve an acceptable level of amorphization (90% approximately) but 
the increase is faster. It gets from 22% to 86% in 3.7 kJ/g approximately. Unfortunately, 
as 86% is the amorphous volume fraction achieved after 55 hours of milling, it is not 
possible to assure if the increase would maintain this rhythm. Yet that the fully 
amorphization is closer, a slower evolution could be expected.  
 
The evolution of the integrated intensity of the crystalline peaks can also be compared. 
For both alloys, after 40 hours of milling (4.14 kJ/g) only one phase remains (Mo for 
Mo44Si26Ta5Zr5Fe3Co12Y5 and Cr0.33Mo0.33V0.34 for Mo44Si26Ta5Zr5V2Cr12B6). In both cases 
it makes sense that the last remaining phase contains Molybednum. Then, the intensity 
of this last crystal peak decreases as long as the amorphous volume fraction increases, 
and it seems like the amorphization of the Mo phase is easier. When only one phase is 
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remaining (after 40 hours of milling) the evolution of both alloys is analyzed. After 
achieving 1.5 kJ/g more of energy and getting to the 55 hours of milling, the Mo integral 
intensity decreases almost 124 points, while Cr0.33Mo0.33V0.34 decreases only 78 points. 
That agrees with the latter affirmation saying that Mo44Si26Ta5Zr5V2Cr12B6 amorphization 
is slow after achieving the 90% amorphous volume fraction.  
 
The fact that Mo44Si26Ta5Zr5V2Cr12B6 seems to be more easily amorphized, 
understanding it as a process which is faster because needs to achieve a lower milling 
energy level, agrees with the characteristics of the alloy that were presented in Chapter 
3, while choosing the substitutions. Both of the alloys are multicomponent alloys with 
seven different elements and a similar size distribution range, but the substitution of Fe, 
Co and Y for V, Cr and B has enhanced the GFA. The element B may be an important 
responsible for that increase, due to the very negative heat of mixing with Mo it presents 
(-34 kJ/mol). Also comparing both compositions to the Mo-systems glass-former alloys 
(equation (9)), it seems like B being another metalloid in the alloy (beside Si) is improving 
the GFA as well.  
 
Unfortunately, the calculation of the GFA degree using ratios such as the Trg (equation 
(1)) is not possible. That is because the Tm of both alloys is so high, that it is above the 
temperature limit of the available DSC equipment.  
 
 
 
Figure 26: Amorphous volume fraction of both Mo44Si26Ta5Zr5Fe3Co12Y5 (red) and 
Mo44Si26Ta5Zr5V2Cr12B6 (black) depending on the milling energy  
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Milling time (h) Adjusted R-squared (Error in %) 
 A B 
10 - 0.9221  (7.7%) 
15 - 0.93678  (6.3%) 
20 0.89158  (10.8%) 0.88399  (11.6%) 
25 0.86901  (13.1%) 0.89497  (10.5%) 
30 0.81212  (18.7%) 0.8812  (11.88%) 
35 - 0.91296  (8.7%) 
40 0.89482  (10.5%) 0.90828  (9.2%) 
45 0.87744  (12.2%) 0.8819  (11.8%) 
50 0.90788  (9.2%) 0.9319  (6.8%) 
55 0.89442  (10.5%) 0.89207  (10.7%) 
60 - 0.92615  (7.3%) 
 
Table 16: Adjusted R-squared values and %error for the fitted patterns of 
Mo44Si26Ta5Zr5Fe3Co12Y5 (A) and Mo44Si26Ta5Zr5V2Cr12B6 (B) 
 
4.3.2.  Thermal Stability 
 
Since Mo44Si26Ta5Zr5Fe3Co12Y5 thermal stability is lower as expected and the Tg value 
could not be obtained, the comparison will also take into account the 
Mo44Si26Ta5Zr5Fe3Co12Y5 produced by Zhang. Mo44Si26Ta5Zr5Fe3Co12Y5 developed for this 
thesis will be A, Mo44Si26Ta5Zr5V2Cr12B6 will be B and Zhang’s Mo44Si26Ta5Zr5Fe3Co12Y5 
will be C.  
 
Regarding to the thermal stability, the substitutions used in B also lead to an 
improvement. The Tx obtained for this alloy is 1355.35 K, which is higher than the one 
for A (1122.05 K) and also higher than C (1324 K). The supercooled liquid region of B 
(252.3 K) is also much wider than C (122 K), however the Tg is lower (1103.05 K to 1202 
K). This wide supercooled liquid region allows the easier consolidation of the powder 
into bulk forms.  
 
This improvement is due to the new elements of the alloy (V, Cr and B) which present 
higher Tm than the elements present before, and it can also be justified using equation 
(7). The average bonding valence Za of Mo44Si26Ta5Zr5Fe3Co12Y5 and 
Mo44Si26Ta5Zr5V2Cr12B6 is compared using the Zi (bond valence) of each element 
obtained by Rose and Shore [28]: And the Za for the first alloy is 3.9055, while for the 
new one it is 3.9472, because of the higher bonding valences of V (3.45), Cr (3.53) and B 
(3) in comparison to Fe (3.32), Co (3.09) and Y (3.21). That agrees with Dolan [27] and 
Inoue [26] demonstrating that the increase of the average bonding valence also implies 
an increase of the Tx. Furthermore, using equation (8), as long as the Za increases the 
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cohesive energy Ec is also enhanced, which means that the atomic rearrangements are 
more difficult because of the larger viscosity. That leads to an improvement of the 
thermal stability and also to an enhancement of the GFA, because crystallization 
becomes also more difficult, as explained in Chapter 2. This statement agrees with the 
information in the last paragraph, which confirms that the GFA of the 
Mo44Si26Ta5Zr5V2Cr12B6 is wider.  
 
Lastly, it is important to mention that both alloys show a really high thermal stability 
even for a refractory metallic glass. When comparing the obtained values for Tx with the 
ones in Tables 2 and 3, the Tx for Mo44Si26Ta5Zr5V2Cr12B6 (1355 K) is the highest one, 
while the Tx for Mo44Si26Ta5Zr5Fe3Co12Y5 (1122 K) is not so high but also remarkable. W, 
Ta and Re are refractory metals with higher Tm as Mo (3693 K, 3290 K and 3458 K 
respectively [29]) but their alloys do not present such a high thermal stability. So, it 
seems like the higher Tx of both of the alloys here analyzed is due, not only to Mo, but 
also to the combination of the other elements. Furthermore, it can also help that the 
Mo/Si ratio in both alloys is 1.69 approximately, which is close to the Mo/Si ratio for 
Mo5Si3 (1.67), and Mo5Si3 is the binary alloy in the Mo-Si system showing the highest Tm 
(2453 K).  
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CHAPTER 5. SUMMARY 
 
In this thesis two Mo-based metallic glasses have been developed. The first one is 
Mo44Si26Ta5Zr5Fe3Co12Y5 and its composition is chosen based on an article by Zhang [8]. 
The second one is Mo44Si26Ta5Zr5V2Cr12B6 and it is designed by substituting some 
elements of the previous alloy. The main goal of this substitution is enhancing the 
thermal stability while maintaining the Glass-Forming Ability, so the chosen elements 
present higher Tm and their addition also respect the rules for being a good glass-former 
alloy. The development process is Mechanical Alloying, which is carried out in a 
planetary ball mill, using WC milling media at 200 rpm and 14:1 as BPR. The milling 
energy achieved is also calculated and it depends on the milling time (h), being 103.632 
t J/g for the mentioned parameters.  
The amorphization of both alloys is studied along the milling time analyzing the XRD 
patterns obtained using a peak-fitting program, and at 55 hours of milling and 5700 J/g 
the amorphous volume fraction they present is estimated around 86.5% for 
Mo44Si26Ta5Zr5Fe3Co12Y5, and 94.5% for Mo44Si26Ta5Zr5V2Cr12B6. At that moment the first 
alloy presents some appearing contamination from the media, so the milling is stopped. 
In the case of the second alloy, the contamination is too huge to avoid it (starting only 
after 5 hours of milling), so the MA is continued enhancing the milling energy to 340.2 t 
J/g. Then, after 60 hours of milling and 7400 J/g. the amorphous fraction is estimated at 
100%. It is also estimated that Mo44Si26Ta5Zr5Fe3Co12Y5 would become fully amorphous 
at 10659 J/g. When comparing both amorphization processes, it is observed that 
Mo44Si26Ta5Zr5V2Cr12B6 is more easily amorphized, because only at 2591 J/g it is already 
90% amorphous. The addition of B as another metalloid element with a wide negative 
heat of mixing with Mo seems to be the main reason for this enhancement of the GFA.  
The thermal stability of both final alloys is analyzed through DSC. The Tx obtained for 
Mo44Si26Ta5Zr5Fe3Co12Y5 is 1122 K and 1355 K for Mo44Si26Ta5Zr5V2Cr12B6. The first value 
is lower than expected, probably because of the non-fully amorphization, and the 
second is very high, so a Mo-based metallic glass with higher thermal stability has been 
found. The supercooled liquid region of this alloy is also wide (252.3 K). The reason for 
the enhancement of the thermal stability with respect to Mo44Si26Ta5Zr5Fe3Co12Y5 is the 
higher Tm of the new elements and their characteristics, which improve the average 
bonding valence Za and the cohesive energy Ec of the alloy.  
In summary, two Mo-based metallic glass have been developed and their amorphization 
depending on the milling energy has been analysed, as well as the thermal stability. 
Regarding to the composition of the alloys, it is concluded that B is a good adding 
element in a Mo-based system willing to become amorphous due to its ∆Hmix and its 
atomic size. Also the addition of elements with higher Tm is proved to work when the 
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increase of the Tx is searched. Regarding to the Mechanical Alloying process the main 
problem has been the contamination from the media, which is proved to be a real 
problem and should be avoided in further research. Finally, the milling energy necessary 
for amorphization seems to depend on the composition of the alloy and its GFA and also 
on the initial crystal phases. Also a minimum value for the obtaining of an acceptable 
fraction of amorphous phase in the Mo-based systems analyzed can be set at 6 kJ/g of 
milling energy by MA.  
 
  
REFERENCES 
 
48 
 
REFERENCES 
 
[1]  W. Klement, R. Willens and P. Duwez, “Non-crystalline structure in solidified gold-
silicon alloys,” Nature, vol. 187, no. 4740, pp. 869-870, 1960.  
[2]  J. F. Löffler, “Bulk metallic glasses,” Intermetallics, no. 11, pp. 529-540, 2003.  
[3]  W. Wang, C. Dong and C. Shek, “Bulk metallic glasses,” Materials Science and 
Engineering R, no. 44, pp. 45-89, 2004.  
[4]  M. M. Trexler and N. N. Thadhani, “Mechanical properties of bulk metallic 
glasses,” Progress in Materials Science, no. 55, pp. 759-839, 2010.  
[5]  A. Salimon, M. Ashby, Y. Bréchet and A. Greer, “Bulk metallic glasses: what are 
they good for?,” Materials Science and Engineering A, no. 375-377, pp. 385-388, 
2004.  
[6]  X. Zhang, W. Wang, E. Ma and J. Xu, “Refractory Mo-Si-based glassy alloy 
designed for ultrahigh strength and thermal stabilty,” Journal of Materials 
Research, vol. 20, no. 11, pp. 2910-2913, 2005.  
[7]  R. Yoshimoto, Y. Nogi, R. Tamura and S. Takeuchi, “Fabrication of refractory 
metal based metallic glasses,” Materials Science and Engineering A, no. 449-451, 
pp. 260-263, 2007.  
[8]  X. Zhang, E. Ma and J. Xu, “Mechanically alloyed multi-component Mo-based 
amorphous alloys with wide supercooled liquid region,” Journal of Non-
Crystalline Solids, no. 352, pp. 3985-3994, 2006.  
[9]  J. Eckert, M. Seidel and L. Schultz, “Bulk metallic glasses with significant 
supercooled liquid region prepared by mechanical alloying,” Materials Science 
Forum, Vols. 225-227, pp. 113-118, 1996.  
[10]  H. Chen and D. Turnbull, “Evidence of a glass-liquid transition in a gold-
germanium-silicon alloy,” Journal of Chemical Physics, vol. 48, no. 6, 1968.  
[11]  H. Chen, “Thermodynamic considerations on the formation and stability of 
metallic glasses,” Acta Metallurgica, no. 17, pp. 1021-1031, 1969.  
[12]  A. Drehman, A. Greer and D. Turnbull, “Bulk fomation of a metallic glass Pd-40 Ni-
40 P-20,” Aplied Physics Letters, vol. 41, no. 8, pp. 716-717, 1982.  
[13]  A. Inoue, T. Zhang and T. Masumoto, “Al-La-Ni amorphous alloys with a wide 
supercooled liquid region,” Materials Transactions, no. 30, pp. 965-972, 1989.  
[14]  A. Peker and W. Johnson, “A highly processable metallic glass - 
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5,” Applied Physics Letters, no. 63, pp. 2342-2344, 
1993.  
[15]  A. Inoue, N. Nishiyama and H. Kimura, “Preparation and thermal stabilty of bulk 
amorphous Pd40u30Ni10P20 alloy cylinder of 72 mm in diameter,” Materials 
Transactions, no. 38, pp. 179-183, 1997.  
[16]  D. Turnbull, Contemporary Physics, vol. 10, p. 437, 1969.  
[17]  Z. Lu and C. Liu, “A new glass-forming ability criterion for bulk metallic glasses,” 
Acta Materialia, vol. 50, no. 13, pp. 3501-3512, 2002.  
[18]  A. Inoue, “Stabilization of metallic supercooled liquid and bulk amorphous 
alloys,” Acta Materialia, no. 48, pp. 279-306, 2000.  
REFERENCES 
 
49 
 
[19]  C. Angell, “Formation of glasses from liquids and biopolymers,” Science, vol. 267, 
no. 5206, pp. 1924-1935, 1995.  
[20]  R. Schwarz and W. Johnson, “Formation of an Amorphous Alloy by Solid-State 
Reaction of the Pure Polycrystalline Metals,” Physical Review Letters, vol. 51, pp. 
415-418, 1983.  
[21]  C. Suryanarayana, “Mechanical Alloying and Milling,” Progress in Materials 
Science, vol. 46, pp. 1-184, 2001.  
[22]  R. Schwarz, “Microscopic model for mechanical alloying,” Materials Science 
Forum, Vols. 269-272, pp. 665-674, 1998.  
[23]  B. Yang, C. Liu and T. Nieh, “Unified equation for the strength of bulk metallic 
glasses,” Applied Physics Letters, vol. 88, 2006.  
[24]  L. Rohr, P. Reimann, T. Richmond and H. Güntherodt, “Refractory metallic 
glasses,” Materials Science and Engineering A, vol. 133, pp. 715-717, 1991.  
[25]  M. Ohtsuki, K. Nagata, R. Tamura and S. Takeuchi, “Tungsten-Based Metallic 
Glasses with High Crystallization Temperature, High Modulus and High 
Hardness,” Materials Transactions, vol. 46, no. 1, pp. 48-53, 2005.  
[26]  J. Qiang, W. Zhang and A. Inoue, “Ni-(Zr/Hf)-(Nb/Ta)-Al bulk metallic glasses with 
high thermal stabilities,” Intermetallics, vol. 17, pp. 249-252, 2009.  
[27]  M. Dolan, N. Dave, A. Ilyushechkin, L. Morpeth and K. McLennan, “Composition 
and operation of hydrogen-selective amorphous alloy membranes,” Journal of 
Membranes Science, vol. 285, no. 1, pp. 30-55, 2006.  
[28]  J. Rose and H. Shore, “Valence of the elemental transition metals,” Australian 
Journal of Physics, vol. 53, no. 1, pp. 166-177, 2000.  
[29]  W. Martienssen and H. Warlimont, Springer Handbook of Condensed Matter and 
Materials Data, Springer, 2005.  
[30]  Kahan, M.K. and B. Jha, “Molybdenum-based metallic glasses,” Journal of 
;aterials Science, vol. 15, pp. 1596-1598, 1980.  
[31]  W. Johnson, S. Poon, J. Durand and P. Duwez, “Superconductivity, magnetic 
susceptibilty, and electronic properties of amorphous (Mo1-xRux)P20 alloys 
obtained by liquid quenching,” Physical Review, vol. 18, no. 1, pp. 206-218, 1978.  
[32]  J. Benjamin, “Mechanical alloying - A perspective,” Metal Powder Report, vol. 45, 
no. 2, pp. 122-127, 1990.  
[33]  A. Ermakov, E. Yurkichov and V. Barinov, “The magnetic properties of amorphous 
Y-Co alloy powders obtained by mechanical comminution,” Physics of Metals and 
Metallography, vol. 52, no. 6, pp. 50-58, 1981.  
[34]  C. Koch, O. Cavin, C. McKamey and J. Scarbrough, “Preparation of ‘‘amorphous’’ 
Ni60Nb40 by mechanical alloying,” Applied Physics Letters, vol. 43, no. 11, pp. 
1017-1019, 1983.  
[35]  C. Lee, M. Mori, T. Fukunaga and U. Mizutani, “Effect of Ambient Temperature on 
the MA and MG Processes in Ni–Zr Alloy System,” Japanese Journal of Applied 
Physics, vol. 29, pp. 540-544, 1990.  
[36]  J. Bhat and B. Murty, “On the conditions for the synthesis of bulk metallic glasses 
by mechanical alloying,” Journal of Alloys and Compounds, vol. 459, pp. 135-141, 
2008.  
REFERENCES 
 
50 
 
[37]  A. Calka and A. Radlinski, “Amorphization of Mg-Zn alloys by mechanical 
alloying,” Materials Science and Engineering A, vol. 118, pp. 131-135, 1989.  
[38]  T. Fukunaga, Y. Homma, K. Suzuki and M. Misawa, “Structural characterization of 
Ni-V amorphous alloys prepared by mechanical alloying,” Materials Science and 
Engineering A, vol. 134, pp. 987-991, 1991.  
[39]  M. G. E. Abdellaoiu, “The physics of mechanical alloying in a planetary ball mill: 
mathematical treatment,” Acta Metallurgica et Materialia, vol. 43, no. 3, pp. 
1087-1098, 1995.  
[40]  B. Murty, M. Mohan Rao and S. Ranganathan, “Milling Maps and Amorphization 
during Mechanical Alloying,” Acta Metallurgica et Materialia, vol. 43, pp. 2443-
2450, 1995.  
[41]  P. Chattopadhyay, I. T. S. Manna and S. Pabi, “A mathematical analysis of milling 
mechanics in a planetary ball mill,” Materials Chemistry and Physics, vol. 68, pp. 
85-94, 2000.  
[42]  A. Takeuchi and A. Inoue, “Classification of Bulk Metallic Glasses by Atomic Size 
Difference, Heat of Mixing and Period of Constituent Elements and Its Application 
to Characterization of the Main Alloying Element,” Materials Transactions, vol. 
46, no. 12, pp. 2817-2829, 2005.  
[43]  Retsch: http://www.retsch.com/products/milling/ball-mills/planetary-ball-mill-
pm-400/function-features/. [Accessed 15 July 2014]. 
[44]  A. Inoue, A. Kato, T. K. S. Zhang and T. Masumot, “Mg-Cu-Y amorphous alloys 
with high mechanical strengths produced by a metallic mold casting method,” 
Materials Transactions, no. 32, pp. 609-616, 1991.  
[45]  T. Zhang, A. Inoue and T. Masumoto, “Amorphous Zr-Al-Tm (Tm=Co,Ni,Cu) alloys 
with significant supercooled liquid region of over 100 K,” Materials Transactions, 
no. 32, pp. 1005-1010, 1991.  
[46]  M. Zdujic, D. Skala, L. Karanovic, M. Krstanovic, K. Kobayashi and P. Shingu, 
“Thermal behaviour of mechanically alloyed Ni50Mo50 powders and associated 
kinetics of amorphous phase transformation,” Materials Science and Engineering 
A, vol. 161, no. 2, pp. 237-246, 1993.  
 
 
  
APPENDIX 
 
51 
 
APPENDIX 
 
XRD Data (.rd, .udf, .csv, .opj) 
Mo44Si26Ta5Zr5Fe3Co12Y5 Mo44Si26Ta5Zr5V2Cr12B6 
Original Original 
After 1 hour of milling After 1 hour of milling 
- 2 hours - - 2 hours - 
- 5 hours - - 5 hours - 
- 10 hours - - 10 hours - 
- 15 hours - - 15 hours - 
- 20 hours - - 20 hours - 
- 25 hours - - 25 hours - 
- 30 hours - - 30 hours - 
- 35 hours - - 35 hours - 
- 40 hours - - 40 hours - 
- 45 hours - - 45 hours - 
- 50 hours - - 50 hours - 
- 55 hours - - 55 hours - 
After DSC  - 60 hours - 
After SPS After DSC 
After 5 hours of milling after SPS After heating at 1000°C 
 
DSC data (.pdf, .nbg-mda, .nbg-sda, .ngb-taa, .txt) 
Mo44Si26Ta5Zr5Fe3Co12Y5 Mo44Si26Ta5Zr5V2Cr12B6 
After milling (original measurement) After milling (original measurement) 
After milling (subtraction) After milling (subtraction) 
After SPS After milling (original measurement with 
intermediate heating until 1000°C) 
 After milling (subtraction with 
intermediate heating until 1000°C) 
 Original powder 
 
 
